INTRODUCTION {#s1}
============

Chronic pancreatitis (CP) is an established risk factor for pancreatic cancer ([@R1]--[@R3]), a leading cause of cancer-related mortality among patients with CP ([@R4]). However, routine screening for pancreatic cancer in this population is not recommended based on the relatively low absolute risk of cancer and potential harms associated with screening ([@R5]). Therefore, improved methods for early cancer detection in patients with CP are a key step to improve the outcome in this patient population.

Retrospective analyses of the real-world clinical data have identified an excess risk of pancreatic cancer soon after a diagnosis of CP ([@R6]), raising concern that early cancers may be misdiagnosed as CP. Apart from the risk of missing an occult neoplasm, previous literature has also consistently identified higher long-term risk of pancreatic cancer among patients with CP than in the general population ([@R1]--[@R3]). To date, it remains unclear which patients with CP are at increased risk for developing pancreatic cancer in the future. Addressing this gap in knowledge is an important step to develop effective strategies for the early detection of cancer in these patients.

The objective of this study was to assess clinical and radiographic features associated with increased risk of pancreatic cancer after imaging for CP diagnosis. Considering that the cost effectiveness of future diagnostic or screening recommendations depends on the probability of discovering pancreatic cancer, we also aimed to estimate the age- and sex-specific incidence rates of pancreatic cancer in the CP population and the relative incidence as compared to the general population.

METHODS {#s2}
=======

Study design and setting {#s2-1}
------------------------

We conducted a retrospective cohort study of patients diagnosed with CP within Kaiser Permanente Southern California (KPSC) between January 2006 and December 2015. Kaiser Permanente is a community-based integrated healthcare system comprising 7 distinct regions, of which Southern California is one of the largest. The present study was approved by the Institutional Review Board of KPSC and the Consortium for the Study of Chronic Pancreatitis, Diabetes, and Pancreatic Cancer.

Patient population {#s2-2}
------------------

Patients with CP were identified through diagnosis codes (International Classification of Disease \[ICD\]-9 577.1) with additional confirmation by the presence of at least 1 radiographic feature suggestive of CP on computed tomography, transabdominal ultrasound, or magnetic resonance imaging (MRI). When patients had multiple imaging procedures performed, we selected the earliest image demonstrating an abnormal finding as the date of cohort entry. Among images conducted on patients with suspected CP, the most common radiographic studies were computed tomography (52%), followed by transabdominal ultrasound (23%) and MRI (9%). Patients with a history of pancreatic cancer before the first radiographic image with a positive feature for CP, those with imaging performed before 2006, those with less than 1 year of continuous membership before the imaging procedure, and those with less than 1 year of follow-up after an abnormal pancreas radiograph were excluded. Occult, prevalent pancreatic cancer cases were excluded, along with persons with follow-up less than 1 year.

CP imaging feature set (natural language processing) {#s2-3}
----------------------------------------------------

One of the key challenges in characterizing imaging features among patients with CP is the lack of structured codes or established template for defining specific radiographic features. To address this limitation, we developed a natural language processing (NLP) algorithm to identify the imaging features reported on the free text of findings and impressions focused on the pancreas in cross-sectional imaging studies. We developed search strings for the following radiographic features of CP based on the established parameters from clinical guidelines ([@R7]): atrophy, calcification, pseudocyst, main duct dilatation, pancreatic duct irregularity, intraductal stone/calculus, intraductal filling defect, abnormal side-branch, and pancreatic duct stricture.

We used an iterative process for each of the factors combining chart validation with algorithm refinement until \>98% accuracy was achieved compared with a manual chart review for 300 patients with CP. An in-house NLP software platform was used to develop a series of imaging algorithms. The software package was developed based on an open-source Application Programming Interface including Natural Language Toolkit, NegEx/pyConText, and Stanford CoreNLP ([@R8]--[@R10]). The NLP algorithm for the CP image was developed in sequential steps. First, the imaging report was preprocessed for section and sentence boundary detection. Second, we used text patterns to map and classify analogous terms. Third, the distance between key words, such as "pancreatic duct" and "irregular," were measured and algorithms were developed to apply maximum distance between words. Fourth, the absence of features was detected through the negation algorithm pyContText/NegEx. Fifth, features described outside of certain temporal boundaries (e.g., historical finding) were detected by pyConText and excluded. Finally, the NLP note-level results were combined into patient-level results.

Validation of CP {#s2-4}
----------------

Relying on the ICD codes alone to identify CP has suboptimal positive predictive value ([@R11]), we therefore required an abnormal pancreas imaging result in addition to ICD codes to identify patients with CP. Although persons with calcification or calculi most definitively have CP, other features are less definitive for CP. We therefore performed a manual review of electronic health records and imaging reports of 10% of patients with CP without calculi or calcification. The reviewer was blinded to the NLP-discovered features and the eventual pancreatic cancer status of the patient.

Outcome assessment {#s2-5}
------------------

Pancreatic cancer cases included patients with at least 2 outpatient or inpatient visits with the diagnosis codes (ICD-9 157.\*), patients registered in the internal KPSC cancer registry as having a malignant neoplasm in the pancreas and those with pancreatic cancer as cause of death in the Death Index. All cancer cases were confirmed through the manual chart review, and only primary pancreatic cancer cases were included. The date of diagnosis was defined as earliest of the following: date of the healthcare visit with pancreatic cancer--specific ICD-9 code, the date of pancreatic cancer diagnosis in the tumor registry, or the date of death due to pancreatic cancer. Time-to-event was defined as days from 12 months of the first positive pancreas imaging to pancreatic cancer diagnosis. Patients were censored by death due to causes other than pancreatic cancer, discontinuation of KPSC membership, or December 31, 2016, whichever came first.

Covariate definitions {#s2-6}
---------------------

Age was determined at the time of the first physician encounter with a diagnosis of CP. We also extracted data on sex and race, classified as non-Hispanic white, non-Hispanic black, Asian, Hispanic and others. Current consumption of alcohol (yes vs no) and smoking status (current, former, or never) were determined by self-report based on the most updated health status data available on or before cohort entry. Body mass index (BMI) was assessed at the time of the abnormal imaging result. History of acute pancreatitis and diabetes *before cohort entry* was assessed by ICD-9 codes 577.0, 250.xx, respectively.

Data analysis {#s2-7}
-------------

We first constructed a cumulative incidence plot of pancreatic cancer using the Kaplan--Meier survival method. The demographic and clinical characteristics of the CP population were described by the pancreatic cancer status. We then used Cox regression with Firth penalized partial likelihood approach to evaluate the risk factors associated with the development of pancreatic cancer, given the limited number of events. Covariates in the model included patient-related factors (age, sex, race/ethnicity, alcohol consumption, smoking, diabetes, BMI, and previous history of acute pancreatitis) and radiographic features (atrophy, calcification, pseudocyst, main duct dilatation, pancreatic duct irregularity, intraductal stone/calculus, intraductal filling defect, abnormal side-branch, and pancreatic duct stricture). We additionally performed a competing risk analysis by Fine and Gray regression with death due to causes other than pancreatic cancer as a competing risk to confirm that covariate-pancreatic cancer outcomes were not influenced by mortality unrelated to pancreatic cancer.

In addition, to estimate the age- and sex-specific incidence rates of pancreatic cancer, we determined the number of incident pancreatic cancer by age groups (≤40, 41--50, 51--60, 61--70, 71--80, and ≥81) and sex in the overall cohort and divided by the person-years observed. The age- and sex-specific incidence rates of pancreatic cancer in the non-CP population were also estimated for comparison and the age- and sex-standardized incidence rate ratios of pancreatic cancer were computed. Statistical analysis was performed with SAS statistical software, version 9.4 (Cary, NC), and all reported *P* values are 2-sided with alpha 0.05.

RESULTS {#s3}
=======

After applying our inclusion and exclusion criteria, we identified a total of 1,766 patients diagnosed with CP who had at least 1 abnormal pancreatic finding on radiographic imaging and who had survived at least 1 year without pancreatic cancer (Figure [1](#F1){ref-type="fig"}). Of 86 patients with coded diagnosis of CP without calcification or calculi at first positive imaging who were subject to the manual chart review, 36 (42%) had or developed definitive CP based on the endoscopic ultrasound findings or based on the Cambridge 3 or 4 classification on MRI/computed tomography imaging. Another 43 (50%) had or developed acute pancreatitis without definitive CP, of whom 20 (23%) were documented to have severe acute pancreatitis. Seven (8%) had no clear evidence of CP or acute pancreatitis, whereas one of these patients had a pancreatic pseudocyst and another had elevated CA19-9.

![Selection of patients with suspected chronic pancreatitis with abnormal radiographic pancreas imaging. KPSC, Kaiser Permanente Southern California.](ct9-11-e00147-g001){#F1}

A descriptive summary of the study cohort is presented in Table [1](#T1){ref-type="table"}. The median duration of follow-up after positive pancreas imaging was 4.5 years (interquartile range: 2.5, 7.0 years). The mean age at cohort entry was 60.1 years (SD 16.0), and 46% of the cohort were women. Thirty percent of the population reported regularly consuming alcohol at cohort entry. Twenty percent of the patients in the study cohort were current smokers, with an additional 33% having been a smoker in the past. Overall, 48% of patients had a history of acute pancreatitis and 44% of patients had a pre-existing diagnosis of diabetes before being diagnosed with CP. A few patients (n = 10, 0.6%) had a diagnosis of intraductal papillary mucinous neoplasm (IPMN) at the time of imaging procedure. The median time to incident pancreatic cancer was 2.4 years.

###### 

Baseline characteristics of Kaiser Permanente Southern California patients with suspected CP between 2006 and 2015

![](ct9-11-e00147-g002)

![](ct9-11-e00147-g003)

Of the CP imaging features, pseudocyst was the most common abnormality (58%) followed closely by parenchymal calcification (48%). Ductal dilation was present in 43% of the total study population and present in most patients who went on to be diagnosed pancreatic cancer (89%).

A total of 46 patients developed pancreatic cancer during the study period, 2 of whom had IPMN at baseline. An incidence plot for pancreatic cancer since 1 year after abnormal pancreas imaging in suspected patients with CP is presented in Figure [2](#F2){ref-type="fig"}. Incidence of pancreatic cancer increased steadily, and estimated cumulative incidence of pancreatic cancer was 2% after 2 years of follow-up and was 3.2% after 5 years of follow-up.

![Cumulative incidence curve of pancreatic cancer ≥1 year after abnormal pancreas imaging in patients with suspected chronic pancreatitis.](ct9-11-e00147-g004){#F2}

Table [2](#T2){ref-type="table"} presents the results of Cox proportional hazards regression for incident pancreatic cancer. Although age was associated with increased risk of pancreatic cancer, other patient-related factors such as pre-existing diabetes, smoking, or alcohol history were not associated with increased risk of pancreatic cancer after adjusting for findings on radiographic imaging. Being obese (hazard ratio \[HR\] 2.7, 95% confidence limit \[CL\]: 1.2--6.1) and duct dilatation (HR 10.5, 95% CL: 4.0--26.1) were independently associated with increased risk of pancreatic cancer. Of note, being underweight was also marginally associated with pancreatic cancer (HR 3.1, 95% CL: 0.9--10.8), demonstrating that the association of BMI with pancreatic cancer is not monotonic. A competing risk analysis by Fine and Gray regression confirmed that our findings on the factors associated with pancreatic cancer were not influenced by death due to causes other than pancreatic cancer.

###### 

Adjusted HR for incident pancreatic cancer ≥1 year after abnormal pancreas imaging in suspected patients with chronic pancreatitis

![](ct9-11-e00147-g005)

Duct dilatation was a salient feature of CP that was associated with the future risk of pancreatic cancer. The 2- and 5-year risks of pancreatic cancer in patients with CP with duct dilatation who survived 1 year without pancreatic cancer were 3.7% and 6.3%, respectively. By contrast, the 2- and 5-year risks of pancreatic cancer in CP patients without duct dilation were significantly lower: 0.6% and 0.6%, respectively (*P* \< 0.001) (Figure [3](#F3){ref-type="fig"}). Although incidence also varied by the presence of calcification (2-year risk of 1.7% and 5-year risk of 3.2% in persons with calcification and 2-year risk of 2.3% and 5-year risk of 3.5% in persons without calcification), the differences were not statistically significant (*P* = 0.31).

![Cumulative incidence curve of pancreatic cancer ≥1 year after abnormal pancreas imaging in patients with suspected chronic pancreatitis by presence of ductal dilatation.](ct9-11-e00147-g006){#F3}

The incidence rates of pancreatic cancer per 100,000 person years by sex and age group are presented in Supplementary Digital Content 1 (see Table S1, <http://links.lww.com/CTG/A222>). The standardized rate ratio of pancreatic cancer is presented in Supplementary Digital Content 1 (see Table S2, <http://links.lww.com/CTG/A222>). The incidence rate of pancreatic cancer in patients with CP was 12 times higher (incidence rate ratio 12, 95% CL: 8.8--16) than in the referent population, without adjustment for BMI.

DISCUSSION {#s4}
==========

A major challenge in improving survival for patients that develop pancreatic cancer has been the lack of an effective strategy for early detection. In this community-based retrospective cohort study, patients with suspected CP were at substantially increased risk of developing pancreatic cancer compared with the age- and sex-matched reference populations. Patients with specific duct abnormalities who did not experience pancreatic cancer within 1 year were still at a \>10-fold increased risk of developing subsequent malignancy as compared to patients with CP without duct dilatation. Moreover, we found that obese patients with CP experienced a 2.7-fold increased risk of pancreatic cancer as compared to patients with CP of normal weight. Periodic surveillance of these patients may help lead to early detection and treatment of pancreatic cancer.

We observed a 12-fold increased risk of pancreatic cancer in suspected patients with CP (see Table S2, Supplementary Digital Content 1, <http://links.lww.com/CTG/A222>) as compared to the referent population. Consistent with this, a recent meta-analysis of case-control and cohort studies estimated a relative risk of pancreatic cancer of 16.16 (95% confidence interval: 12.59--20.73) due to CP, with a 2-year lag period after CP diagnosis ([@R2]). Previous studies that have examined the risk of pancreatic cancer with no specific lag period showed a marked variation in relative risk estimates ranging from 1.5 to 28 based on the proximity in timing to the diagnosis of CP. The present study population was defined in a different manner compared with previous cohort studies that have defined CP based on either the ICD diagnosis codes only from national health registries ([@R4],[@R12],[@R13]) or clinical evaluation from the local disease registries ([@R2],[@R14]--[@R17]). This distinction is important because our definitions incorporated both physician diagnosis of CP and pancreatic abnormality on imaging. By selecting patients with least 1 positive CP radiographic feature, we may have enriched the CP population to those with progression of pancreatic disease, potentially attributable to pancreatic cancer.

The 5-year incidence of pancreatic cancer (3.2%) in our study population of suspected patients with CP was even higher than the 10-year incidence of pancreatic cancer (1.8%) reported for the CP cohort populations investigated in the past ([@R14]). That the previous study estimated the risk of pancreatic cancer in persons with at least 2 years of follow-up, among younger individuals (median age: 40--50 years) over a recruitment period (1946--1989) when there were greater competing risks by death due to other causes, collectively contribute to the differences in pancreatic cancer risk estimates.

Duct dilatation was the most salient radiographic feature of CP that pointed to greatly elevated risk of pancreatic cancer, estimated at 6.3% in 5 years. The finding that pancreatic duct dilatation may be an early harbinger of pancreatic cancer has been previously demonstrated in a study of 27 patients with CP and 21 patients with pancreatic cancer ([@R18]). Conversely, another study of 427 patients undergoing endoscopic ultrasound, of whom 42 developed pancreatic cancer, did not substantiate this and rather attributed periductal hypoechoic sign as an indicator of pancreatic cancer ([@R19]). Our study of 1,766 suspected patients with CP, in whom 46 were diagnosed with pancreatic cancer, is the largest study, to date, establishing the relationship between CP radiographic features and the diagnosis of pancreatic cancer. Furthermore, we used the NLP-based methods for radiographic reports, thus developing a scalable algorithm for identifying CP features that foretells the future risk of pancreatic cancer.

Obesity was a risk factor for future development of pancreatic cancer in this cohort of suspected patients with CP. This is consistent with the trends in the general population, where obesity is associated with a 20%--50% increased risk of pancreatic cancer ([@R20]--[@R22]). Of many correlates of BMI, central obesity has shown a strong and consistent association with pancreatic cancer ([@R20],[@R23]). Central obesity may promote tumor growth by way of causing inflammation in the pancreas. *In vivo* experiments also demonstrate that obese mice are prone to higher ductal cell replication ([@R24]) and development of pancreatic cancer ([@R25]).

There were several limitations to the present study. First, our definition of CP used a combination of diagnosis codes and imaging findings. Although this approach represents a clear advantage over reliance on the diagnosis codes alone, which has limited specificity ([@R26]), there remains a possibility of misclassification. Our imaging-based approach would likely fail to include patients with small-duct or "minimal change" CP ([@R27]) that may have been detected on endosonography or based on the results of pancreas function testing. Given that nearly a quarter of our study population underwent transabdominal ultrasound and less than 10% underwent MRI, accurate determination of duct diameter may not have been possible. Based on a manual review of the first abnormal pancreas radiograph of the patients with CP, only 42% of noncalcific CP showed a classic manifestation of CP, whereas 50% of patients had or developed acute pancreatitis without developing definite features of CP. Our manual review consisted of only 10% of the noncalcific patients with CP, and our algorithm has not been externally validated at other health systems. The accuracy of ICD coding we found is in line with the previous observation that ICD-coded diagnoses are limited in accurately identifying definite cases of CP ([@R11]). Among patients without a history of acute pancreatitis, timing of the disease onset regarding CP is very difficult to ascertain ([@R28]). This represents an underlying challenge in studying the natural history of CP because the ability to establish a diagnosis in the early stages of disease remains elusive ([@R8]). Given these limitations, our study population would be best described as persons with suspected CP rather than comprising solely of persons with definitive CP. In addition, there were only 46 patients with incident pancreatic cancer, thus limiting the power of the analysis to identify predictors of pancreatic cancer. Finally, a substantial portion of the study population were missing data on smoking (25%) and alcohol consumption (11%), which could have limited power and the accuracy of the relative risk estimates for smokers and alcohol consumers.

The strengths of the present study include the demonstration of an important role for state-of-the-art approaches to data acquisition such as NLP in helping to provide new insight into cancer prediction. Our methods were developed using open source tools and can be replicated across health systems with appropriate expertise in NLP. Previous applications of NLP on pancreatic disorders are few and have been limited to identifying existing pancreatic cysts ([@R29],[@R30]) or IPMNs ([@R31]). These include NLP of surgical pathology texts to identify IPMNs beyond known IPMN cases in a manually curated registry ([@R31]) and NLP of any text-based reports in the medical records to identify pancreatic cysts or ductal dilatation ([@R29],[@R30]), which had close concordance with manual review. Our study demonstrates that NLP can not only identify existing pancreatic abnormalities of immediate concern but also points to features that indicate high future risk of pancreatic cancer, thereby demonstrating utility for surveillance. In addition, our study had applied NLP to only reports of abdomen-focused imaging studies and thus was more selective than application of NLP to any reports in the medical records. Furthermore, our study cohort was drawn from a diverse community-based setting, thus our findings are generalizable to large health systems.

In summary, our study shows that in patients diagnosed with CP, obesity and duct dilatation on radiographic imaging point to persons with elevated longer-term risk of pancreatic cancer.
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